Background The current gold standard for diagnosing onychomycosis is direct microscopic examination and cultur-
Introduction
Onychomycosis is a nail disease caused by dermatophyte, yeast and mould infections of the nail plate. Its prevalence worldwide ranges from 10% to 30%. 1 Because onychomycosis requires long-term systemic antifungal treatment and different fungi may require different therapies, a confirmation of the aetiology and a precise mycological identification is necessary for treatment. Conventional diagnosis is based on direct microscopy [potassium hydroxide (KOH) mounts] of clinical specimens, followed by culture and morphological identification of the fungus. Direct microscopy requires experienced investigators to identify the fungal elements and gives false-negative results in 5-15% of cases. Fungal culture is a time-consuming procedure and has a higher percentage of false negatives (30-50%). 2 Therefore, more rapid and sensitive methods for the identification of fungal species are needed. In this context, molecular biological methods based on the polymerase chain reaction (PCR) have been developed to complement other methods of diagnosis. Most genetic studies of fungal pathogens have focused on the identification of cultured isolates. However, the direct application of PCR-based methods in clinical samples would allow early and specific diagnosis of fungal diseases and identification of the causative agents. 3, 4 Meanwhile, prior studies have suggested that direct microscopy using fluorescence may be a sensitive technique, which could increase detection rates by 4-22% compared with KOH in the diagnosis of fungal infections. [5] [6] [7] A limited number of studies have compared molecular diagnoses and conventional culture in the identification of clinical isolates for the diagnosis of onychomycosis, and most immunofluorescence studies have focused on deep fungal infections and the lack data of onychomycosis. Herein, we present the results of fungal fluorescent staining and internal transcribed spacer (ITS) ribosomal DNA (rDNA) PCR-based sequencing compared with conventional methods (microscopy of KOH mount and culture) for the diagnosis of onychomycosis.
Materials and methods

Patients and clinical specimens
A total of 204 nail specimens (107 toenail and 97 fingernail samples) from 187 patients with suspected onychomycosis were analysed. While the specimens were collected, informed consent was obtained based on the guidelines and agreements of the institutional ethical committee. All samples were collected by the same experienced mycologist. The specimen was obtained from the nail bed as close as possible to the advancing infected edge of the lesion. Patients who had used topical or systemic antifungal drugs within the previous 2 weeks were excluded from sampling. Specimens were evenly divided into four parts for examination by KOH microscopy, culturing, fungal fluorescent staining and PCR sequencing.
Direct microscopy and culture
Direct microscopic examination was performed to assess the presence of fungal elements. The first nail material was tested by conventional methods with 10% KOH. The second portion of the nail samples was stained with fluorescent dyes and examined with fluorescence microscopy. A sample culture was performed in parallel on Sabouraud Dextrose Agar slants with and without cycloheximide, incubated at 25°C for 4 weeks and checked periodically for growth. Isolates were identified at the species level by their macroscopic and microscopic appearances following lactophenol cotton blue staining. 
Molecular identification
Statistical analysis
KOH-and/or culture-positive samples were used as the gold standard to estimate the diagnostic sensitivity and specificity, as well as the negative and positive predictive values of each test. We identified three criteria for the diagnosis of non-dermatophyte mould onychomycosis: KOH positive, isolation in culture and dermatophyte exclusion.
Results
Clinical nail samples and participants
Of the 204 nail samples collected from 186 patients with suspected onychomycosis, 59% (120) were from females and 41% (84) from males. The ages ranged from 2 to 82 years, with a median age of 41 years. Distal and lateral subungual onychomycoses were the most prevalent type of clinical manifestation (73%), followed by superficial white onychomycosis (16%), total dystrophic onychomycosis (7%) and proximal subungual onychomycosis (4%) ( Table 1) .
Detection of the four tests
Of the 204 nail samples, direct examination was positive in 103 samples (51%). Culturing was positive in 87 samples (43%). Direct examination and culturing were both positive in 69 samples (34%). Altogether, the combination of conventional methods revealed 121 (59%) positive specimens. Both direct microscopy and culturing were negative in 84 (41%) specimens. The detection percentage of fungal fluorescent staining and PCR-based sequencing was 62% and 50%, respectively. All conventional direct microscopy examination (KOH)-positive specimens were identified as positive using fungal fluorescent staining, and fungal fluorescent staining detected 23 specimens that were negative by KOH.
Sensitivity, specificity and positive and negative predictive values
Conventional methods (KOH-and/or culture-positive) were used as the gold standard: 121 were positive and 84 were negative. We found the sensitivity of fungal fluorescent staining and ITS rDNA PCR-based sequencing to be 97% and 78%, respectively; specificities were 89% and 90%, respectively; positive predictive values were 93% and 92%, respectively; and negative predictive values were 95% and 74%, respectively. Use of fluorescence enhanced the sensitivity of direct examination by 12% compared with KOH. PCR-based sequencing increased the sensitivity by 6% compared with culturing. A comparison of all tested diagnostic methods for onychomycosis is shown in Table 2 .
Species identification of conventional cultures and PCR sequencing
Conventional cultures yielded pathogenic strains from 87 of the nail samples (41%), most of which were subsequently identified as dermatophytes (49 T. rubrum). The 38 remaining isolates were identified as non-dermatophytes (27 Candida species and 11 non-dermatophyte moulds). Of the 204 nail samples, 102 (50%) tested positive with PCR sequencing (66 T. rubrum, 28 Candida species and eight non-dermatophyte moulds) ( Table 3 ). In total, 78 specimens were positive for both fungal culturing and PCR sequencing and yielded similar results. In 24 additional samples, which were culture negative, a positive sequence was obtained: T. rubrum (18 samples), Candida species (five samples) and non-dermatophyte moulds (one sample).
Discussion
Onychomycosis constitutes approximately half of all nail abnormalities that may have both psychosocial and economic effects. 9 Treatment success depends on accurate and rapid diagnosis of the pathogen. However, classic mycological diagnosis was an imperfect gold standard, whereas direct examination lacks specificity and culturing is frequently associated with weak sensitivity and false-negative results. The diagnostic accuracy of the KOH test and fungal culturing varies from 50% to 70%. 10 Improvement of traditional diagnostic methods and the development of new techniques will allow physicians to be more precise in the identification of pathogens causing nail infections.
In this study, we compared microscopic results using two different methods: KOH and fluorescence. Although KOH is rapid and economical, it requires sufficient experience to identify the fungal elements and gives false-negative results in 5-15% of cases. 11 Fluorescence offers the advantages of high sensitivity and specificity because it observes fungal elements and budding patterns more easily, especially for the detection of rare hyphae and spores, and the percentage of false-negative results is low compared with the culture method of diagnosis. 6, 12 In this study, 103 (51%) positive results were found in nail samples using KOH, whereas 23 (11%) additional samples were detected with the use of fluorescence. Our results are consistent with previous studies, describing the importance of the use of fluorescence because it increases detection rates by 4-22% compared with KOH. [13] [14] [15] According to Abdelrahman et al., use of fluorescence enhances the sensitivity and specificity of direct examination by 22% and 6%, respectively. 15 With the use of conventional methods as a gold standard, our results demonstrated a sensitivity of 97% and a specificity of 89% with fluorescence staining. The use of fluorescence enhanced the sensitivity of direct examination by 12% compared with KOH.
While direct examination is often sufficient to rapidly determine the presence of fungal elements in terms of specificity, culturing remains the reference for traditional diagnostic methods, even if it may be linked to false-negative results (30-50%). 2 Our results showed that among the 103 specimens positive by microscopy (KOH), 34 (33%) were negative by culturing. In this study, the sensitivity of culture was 72%, which was consistent with previous results ranging between 23% and 80%. 16 Negative cultures may be due to already dead fungi present in the distal part of the nail. The identification of fungi in direct specimens using molecular biology is reliable and provides significantly improved results in comparison with culture. 17 Various PCR methods have been developed to detect one or several particular species with specific primers in clinical samples without further analysis. However, post-PCR techniques such as amplicon sequencing increases the sensitivity of pathogen detection in dermatological samples and is useful for the identification of infectious fungi at the species level from amplicons obtained with pan-fungal primers. 3 Most previous methods have focused on dermatophyte detection and species identification. [17] [18] [19] [20] [21] [22] [23] Few methods for the diagnosis of onychomycosis have considered yeasts and non-dermatophyte filamentous fungi such as Fusarium spp., Aspergillus spp., Penicillium spp. and Alternaria spp. as possible infectious agents. Therefore, amplicon sequencing was shown to be efficient for the identification of infectious agents in onychomycosis. 3, 24 In the present study, the detection rate of ITS rDNA PCR-based sequencing was 50%. PCR-based sequencing identified the infectious agent in 16 cases, where direct mycological examination (KOH) showed fungal elements, but negative results were obtained from fungal cultures, and infectious fungi were detected in 17 samples that were negative for microscopy (KOH) but positive for culture. PCR-based sequencing detected eight specimens that were negative for both microscopy (KOH) and culturing. Although a false-positive PCR result cannot be excluded, it is more likely that these represented false-negative results of the conventional diagnostic methods. 19 Divergences between PCR-based sequencing and culture results may be related to the aliquots, which may not contain any further viable fungal elements for culture, whereas PCR may detect DNA contained in dead fungal elements.
11
Using conventional methods as the gold standard, PCR demonstrated sensitivities up to 78%, higher than culture (72%), whereas the specificity was 90%. In onychomycosis, the infectious agents are primarily dermatophytes, especially T. rubrum and, to a lesser extent, T. interdigitale.
3 Non-dermatophytes account for 10-20% of onychomycosis in temperate climates. Of the non-dermatophytes, Candida species is the most common, and moulds, such as Scytalidium, Aspergillus and Fusarium species account for the majority of the remainder. 24, 25 In the present study, a total of 111 isolates were identified at the species level by culture and PCR. T. rubrum was detected in 66 (60%) specimens; however, other pathogenic dermatophytes were not observed. Non-dermatophytes were detected in 45 (40%) specimens, including 33 (30%) yeasts and 12 (10%) moulds. This frequency rate was similar to a study in which non-dermatophytes were detected in as many as 38% of the tested cases, but much higher than in the previously reported surveys in which the prevalence rates of non-dermatophytic onychomycosis ranged from 1.45% to 17.6%. 24 Recent data have supported the use of fluorescence microscopy and molecular biology for the diagnosis of onychomycosis. We concluded that fluorescence microscopy can be used as a rapid screening tool for the identification of fungi in nail specimens and when used in conjunction with DNA-based species identification results in higher efficiency, providing clinicians increased confidence in the diagnosis and treatment of patients. This study also indicated that non-dermatophytes, which were detected at high rates, are frequently involved in the pathogenesis of onychomycosis.
